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6as paths seals have a one-d+mensional v a r i a t i o n  i n  m a t e r l a l  requirement.  

Using tape cas t i ng ,  
Tape c a s t l n g  I s  a method which a l i o u s  t h e  f a b r i c a t i o n  o f  t h l n  ceramic sheets 
whlch may be laminated t o  a c c o m d a t e  these requirements. 
th!n sheets o f  z l r c o n i a  (0.25 nm) were fab r i ca ted .  These cas t i nqs  were suc- 

t h e  f e z s l b i l i t y  o f  th is  approach. 
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w c e s s f u l l y  lamlnated and f i r e d  w l rhou t  b1oat:ng o r  delaminat ion,  demonstrat lng 

INTRODUCTION 

E f f o r t s  d i r e c t e d  toward t h e  improvement o f  t h e  t u r b l n e  t i p  seal  s t r i v e  f o r  
Improved gas t u r b i n e  eitgine performance ( r e f .  1). 
e i t h e r  decreased s p e c l f l c  f u e l  consumption, Increased maximum t h r u s t ,  o r  
increased component se rv i ce  l i f e .  The s u b s t a n t i a l  economic b e n e f i t  i s  obtalned 
throrlgh a reduc t ton  o f  s p e c i f i c  f ue?  consumption. 
reducing t h e  clearance between t h e  t u r b i n e  b lade and t h e  seal, I nc reas ing  
engine operat ing temperatures, decressing c o o l i n g  a i r  requirements, and 
decreasing component wetght. 

Thls may take  t h e  form o f  

This may be e f f e c t e d  by 

This places several  requ.,ements on the  t u r b i n e  shroud seal .  The sur face 
o f  t he  seal exposed t o  t h e  blbde must be abradable so t h a t  Ir, t h e  event nf a 
rub, blade wear I s  avoided. 
t o  su rv i ve  t h e  ImFact o f  par t !cu la te mat ter ,  both ingested and produced w i t h i n  
the  engine, w i t h  a mlnlmum o l  erosion. The h o t  face must a l s o  be o f  d r e f r a c -  
t o r y  qature, ab le  t o  wi thstaqd h i g h  temperatures w i t h o u t  me1tlr.g c r  subl lmlng. 
The p o i n t  o f  attachmeat must be made from a m t e r l a l  capable o f  p r o v i d i n g  
s t r u c t u r a l  support .  F i n a l l )  t h e  e n t l r e  seal  must be ab le  t o  wi thstand t h e  
thermal gradients  and thermal c y c ? ~  whlch occur i n  t h e  engine. 

A t  t h e  same t ime I t  i s  necessary f o r  t he  sur face 

The major v a r i a t i o n  i n  seal  requlrements occurs i n  t h e  r a d i a l  d i r e c t i o n ,  
o r  i f 1  o ther  words i n  the  l aye rs  “ p a r a l l e l ”  t o  t h e  seal  sur face {see t h z  schem- 
a t i c  o f  f i g .  1). 

An approach whlch has had success I n  t h e  use of a supera l loy c a s t i n g  onto 
whlch l aye rs  o f  o ther  m a t e r l a l s  a re  plasma sprayed ( r e f .  2) .  
y t t r l a  s t a b i l i z e d  z l r c o n i a  ( Y S Z )  and YSZ - N i C r A l Y  mix tures a re  used. I n  t h i s  
way I t  I s  poss ib le  t o  change m=te r l i r l s ,  and hence behavior, t o  accomnodate t h e  
s p a t i a l l y  vary ing r e q u l r e r e r t s  such as those o u t l i n e d  p r e v l o u s l y .  Some prob- 
l e m s  e x l s t  w i t h  t h l s  system, however, thermal s t r a i n s  a r f s e  due t o  t h e  thermal 
expansion mismatch between metal and YSZ, o x i d a t i o n  of t h e  metal  phase occurs 
under the  ceramic u l t h  an accompanying volume change, anr I t  I s  d i f f l c u l t  t o  

Both l a y e r s  o f  
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opt imize t h e  plasma sprayea YSZ m a t e r i a l  between a b r a d a b i l i t y  and eros ion 
res is tance.  

Sy comparison the  f a b r i c a t i o n  o f  t h e  e n t i r e  seal f rom z i r c o n i a  o f f e r s  
several  ajvi intages. 
conia i s  a l ready an oxide, a reduc t i on  i n  c o o l i n g  a i r  requirements s ince the  
thermal c o n d u c t i v i t y  o f  z i r c o n i a  i s  much lower than t h a t  3 f  t h e  metal,  a reduc- 
t i o n  i n  thermal s t r a l n s  s ince t h e r e  a re  no d i s c o n t i n u i t i e s  I n  t h e  m a t e r i a l ,  and 
the  use o f  a s i n g l e  m a t e r i a l  permits grea.:er c o n t r o l  an!: freedom i n  the  fab- 
r i c a t i o n  procedure. 

These i n c l u d e  the  e l i m i n a t i o n  o f  any o x i d a t i o n  s ince z i r -  

The mechanical p raper t l es  o f  z i r c o n i a  a re  dependent on t h e  chemical 
composition ( i m p u r i t i e s  present) ,  the heat t reatment h i s t o r y ,  and the  d i s t r i -  
b u t i o n  o f  t h e  pore phase. Pure z i r c o n i a  e x h i b i t s  a d i s r u p t i v e  phase t rans -  
format ion a t  1170 O C  (2130 O F )  which prevents i t s  use as a r e f r z c t o r y  m a t e r i a l  
( r e f .  3 ) .  This t ransformat ion r a y  be avoided th:ough the  i n c o r p o r a t i o n  o f  
c d t i o n  i m p u r i t i e s ,  such as Mg, Ca, o r  Y, which s t a b i l i z e  the h i g h  temperature 
c r y s t a l l o g r a p h i c  form. The best engineer ing p r o p e r t i e s  have r e s u l t e d  from 
p a r t i a l i y - s t a b i l i z e d  m a t e r i a l  which conta ins a m i x t u r e  o f  t h e  polymorphs cubic,  
t e t ragona l ,  and monocl in ic .  Both magneslum-part ld l ly  s t a b i l i z e d  z t r c o n l a  
( r e f .  4) ,  Rg-PSZ, and c a l c i a - p a r t i a l l y  s t a b i l i z e d  z i r c o n i a  ( r e f .  S ) ,  Ca-PSZ, 
when p roper l y  f a b r i c a t e d  lead t o  m a t e r i a l  w i t h  h i g h  s t r e n g t h  (up t o  600 MPa, 
67 k s i )  acd h igh  f r a c t u r e  toughness (up t o  6.3 MN/m3/2, 6.4 k s i  6) through 
a process termed t ransformat ion toughenlng. This  m a t e r i a l  i s  s u i t a b l e  f o r  t h e  
s t r u c t u r a l  biick s ide  o f  t h e  seal .  An a d d i t i o n a l ,  and notable,  p roper t y  o f  
t ransformat ion toughened m a t e r i a l  i s  t h a t  abr i is ion o f  t h e  sur face produces an 
increase i n  bend s t reng th  ( r e f .  6 ) .  The impor tant  i m p l j c a t l o n  o f  t h i s  I s  t h a t  
t he  product ion o f  surface f laws through f i n i s h  m c n i n i n g  or r e l a t i v e  m o t i m  
between the seal support r a i l s  and the  engine case should n o t  weaken the 
m a t e r i a l .  

Nei ther  Mg-PSZ or  Ca-PSZ a re  s u i t a b l e  f o r  use near the  h o t  face o f  t he  
seal f o r  two reasons. F i r s t ,  the mechanica? p r o p e r t i e s  degrade when the mat -  
e r i a l s  a re  exposed t o  temperatures abcwe 900 "C (1650 O F )  f o r  long per iods o f  
t ime and secondly, both calc ium and magaesium a re  subject  t o  p r e f e r e n t l a l  
evaporat ion l eav ing  u n s t a b i l i z e d  z i r c o n i a .  Y t t r i a - p a r t i a l l y  s t a b i l i z e d  z i r -  
conia (between 5 and 12 c a t l o n  mol A) on the  o the r  hand, does n o t  d i s p l z y  
t -ans fo rma t ion  toughening and t h e r e f o r e  does n o t  have t h e  s t r u c t u r a l  qualities 
o f  Mg-PSZ and Ca-PSZ. I t  does, however, have b e t t e r  thermal c y c l i n g  behavior 
as a r e s u l t .  4 second q u a l i t y  o f  t h i s  mater ia!  i s  t h a t  t he  stabi l ize: ,  
y t t r i u m ,  does n o t  p r e f e r e n t i a l l y  evaporate. This m a t e r i a l  i s ,  t he re fo re ,  w e l l  
su i ted  f o r  use on t h e  ho t  face w h i l e  n o t  app rop r ia te  f o r  use a t  t he  ra ' l l s .  

Thus, analogus t o  the metal/ceramic designs, i n  an a l l - z i r c o n i a  seal i t  
i s  desi red t o  produce a laminated s t r u c t u r e .  I n  the  a l l - z i r c o n i a  seal, t he  
goal i s  t o  produce d i s c r e t e  layers o f  d i f f e r i n g  chemistry arranged i n  a con- 
t r o l l e d  manner, which includes curvature o f  each l a y e r .  
t h i s  i s  to use tape cas t i ng  t o  form t h i n  f l e x i b l e  sheet, laminate the sheet: 
by pressing, and then s i n t e r  t o  form a monol l th .  

A method o f  achiev ing 

Tape c a s t i n g  i s  an establ ished method f o r  produc!ng t h i n  cerzmlcs 
( r e f .  7 ) .  This invo lves p l a c j n g  t h e  powder o f  t he  des i red  chemistry I n t o  sus- 
pension. The suspension i s  spread onto a ho t  surface, t h e  l i q u i d  i s  evaporated 
and a t h i n  sheet o f  green c e r a m l c  i s  l e f t .  The cast  i s  g iven f l e x i b i l i t y  
thrcugh the i nco rpo ra t i on  o f  polymers ( c a l l e d  p l a s t i c i z e r s )  d:ssolved i n  the  
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suspending l i b u i d .  
i s t r y  o f  any one i s  independent of t h e  others.  
these t h i n  sheets a r e  stacked i n  t h e  approp r ia te  order,  Y-PSZ f o r  t h e  h o t  face 
reg ion  and Ca-PSZ f o r  t h e  s t r u c t w a l  region, and compressed i n t 9  a mono l i t h  
under pressure. An advantage o f  powder technology i s  t h a t  a b!jrnout $hasp may 
be inc luded i n  t h e  suspension which w i l l  decompose t o  leave pores du r ing  t h e  
s i n t e r i n g  heat t reatment.  Through t h e  s e l e c t i o n  o f  burnout phase, c o n t r o l  over  
t h e  s i z e  and shape d i s t r i b u t i o n  o f  t h e  pores as w e l l  as t h e i r  number d e n s i t y  
may be exerted. 
abras ion behavior f o r  t h e  t o p  l aye rs .  I n  o r d e r  t o  denonstrate the  f e a s i b i l i t y  
o f  t h i s  approach a s e t  o f  p r e l i m i n a r y  experiments were c a r r i e d  ou t .  The key 
p o i n t r  t o  be demonstrated were t h a t  l am ina t ion  and f i r i n g  couid be accomplished 
w i t h o u t  b l o a t i n g  01- delaminat ion.  B l o a t i n g  can occur when a m t e r i a l  conta ins 
organic which decomQose and prcduce gaseous products.  If pathways do n o t  e x i s t  
t o  vent  these gases s u b s t a n t i a l  pressures can b u i l d u p  and t h e  ceramic deforms. 

Since t h e  sheets a r e  f a b r i c a t e d  independently, t h e  chem- 
To c o n s t r u c t  an a c t u a l  seal ,  

This a l l ows  freedom i n  t h e  o p t i m i z a t i o n  cif t h e  erosion/-  

EXPERIMENTAL PROCEDURE 

These experiments were done us ing o n l y  one m a t e r i a l ,  Ca-PSZ, and no 
at tempt  t o  vary t h e  p o r o s i t y  o r  chemical composi t ion was made. 

A l a b o r a t o r y  sca le  tape c a s t i n g  machine, based on t h a t  descr ibed in r e f -  
erence 8, was constructed, see f i g u r e  2. 
( 6  by 12 i n )  p iece o f  window glass,  heated by s i x  100 W l i g h t  bulbs. 
i n t e n s i t y  was c o n t r o l l e d  by a convent ional  d i m e r  switch.  The blade f o r  
spreading t h e  suspension was made o f  t e f l o n  and mounted on a micrometer head 
f o r  h e i g h t  adjustment. 

The c a s t i n g  sur face bas a 15 by 30 cm 
T h e i r  

The tape c a s t i n g  procedure used was based on one developed f o r  t h e  tape 
c a s t i n g  o f  alumina ( r e f .  7 ) .  This procedure was n o t  opt imized and shsulci be 
regarded as p re l im ina ry .  As o u t l i n e d  i n  t a b l e  I, t h e  m i l l i l i g  W Z j  a two-step 
process. 
pension media, and a de f l occu lan t .  
p l a s t f c i z e r s  and b inde r  were added and t h e  m i l l  was run overn ight  a second 
t ime. The suspension was de-aired and c a s t  onto t h e  glass sur face which was 
a t  a temperature between 38 and 40 "C (100 and 104 O F ) .  The g lass sur face was 
l u b r i c a t e d  w i t h  a m ix tu re  o f  soybean oil and l e c h i t h i n  d i sso l ved  i n  ethy; 
a l coho l  (PAM, General Foods). The casts  were removed from t h e  glass w i t h  a 
n e t a l  spatu la .  Tyo ica l  casts  were on t h e  o rde r  o f  10 cm, ( 4  i n )  i n  mean diam- 
e t e r  and could be removed as a s i n g l e  piece. 

An alumina m i l l  was charged w i t h  t h e  z i r c o n i a  powders1 t h e  sus- 
The m i l l  was run  ove rn igh t  then t h e  

Dlscs o f  18 mn (0.75 i n )  were punched from t h e  casts .  To form laminates, 
10 t o  30 o f  these d i scs  were stacked i n  a hardened s t e e l  c y l i n d r i c a l  d i e  and 
compressed under 140 HN/m2 (20 k s i )  a t  room temperature. 
drop o f  so l ven t  was placed i n  t h e  middle o f  o f  t h e  stack,  Youever i t  was found 
t h a t  t h i s  was n o t  necessary f o r  t h e  stack t o  become bound. 

I n  some cases a 

Two d i f f e r e n t  s i n t e r i n g  envircnments were used. I n  t h e  f i r s t  case t h e  
atmosphere was a i r  and t h e  heat ing r a t e  o f  450 OC/hr (842 OFihr) was used. The 

1Zi rcoa Corning Solon OH, 3.4 w t  x Calc ia .  
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soak temperature Gas 1600 "C (2910 O F )  and t h e  soak t ime was -4 nr .2  The 
second employed a vacuum furnace capable o f  h ighe r  temperatures. 
pressure I n  the furnace was less  than 10-6 t u r r .  
heat ing r i r t e  o f  100 "C/hr (212 OF/hr) was used w i t h  a soak temperature o f  
1800 "C (327G O F )  and a soak t i m e  o f  6 h r .  A f t e r  s ln te r i nc ;  I n  a vacuum t h e  
samples were g iven 2 10 rnln anneal ir, a i r  a t  1400 "C (2550 O F )  I n  order t o  
r e s t o r e  s to ich iometry .  

Tne t o t a l  
I n  t h i s  case a slower 

RESULTS AND DISCUSSION 

Cast ing and Laminat ion 

Using t h e  procedure o u t l i n e d  i n  t a b l e  I cas t ings  were produced, w i t h  ar: 
average thqckness near 0.25 mn (0.01 ! P ) .  The cas t  th ickness was increased by 
more than a f a c t o r  o f  f i v e  when t h e  g lass sur face was roughened by spraying I t  
w i t h  a f luorocarbon d i e  l u b r i c a n t .  Release o f  t h i s  t h i c k e r  cas t  wa5, however, 
considerably more d i f f i c u l t .  

I t  was found t h a t  i f  the  g lass tevpera t i i r e  was much g rea te r  than 40 "C 
( 1 ~ 4  O F ) ,  b o i l i n g  o f  t h e  l i q u i d  occurred r e s u l t i n g  I n  t h e  entrapment o f  bub- 
bles.  I n  a d d i t i o n ,  an e f f o r t  t o  e l i m i n a t e  to luene was made, due t o  I t s  cor-  
r o s l v e  e f f e c t  on t h o  seal around t h e  l i d  c f  t h e  b a l l  m i l l .  However uhen 
a d d i t i o n a l  e t h y l  a l coho l  was s u b s t i t u t e d  f o r  to luene, a s k i n  formed cn t h e  
surface o f  t h e  suspension and subsequent bubbl ing beneath t h e  s k i n  occurred. 
Dry ing times, normal ly  a f e u  minutes, a l s o  increased d r a m a t i c a l l y  wnen t h e  
sk inn ing  occurred. 

Pressing o f  t h e  s i n g l e  casts i n t o  a laminate was r o u t i n e l y  accomplished 
a t  140 HN/m2 (20 k s l ) .  Sheets o f  paper were g e n e r a l l y  placed on both ends 
o f  t he  stack t o  f a c i l i t a t e  release a f t e r  pressing. 
sometimes inc luded i i i  t he  middle o f  t h e  stack p r i o r  t o  pressing. This was 
found t o  be unnecessary and excessive so l ven t  sof tened t h e  p l a s t i c i z e r s  a l l o w -  
i n g  apprec iab le f l o w  out  of the d i e  c a v i t y  pas t  t h e  rams. 

A drop o f  so lvent  was 

F i r i n g  

Two sets o f  s i n g l e  layers were f i r e d  i n  a i r  t o  1600 "C (2910 O F ) .  One set  
was simply l a i d  on a p iece o f  plasma sprayed Y-PSZ, t h e  second set  was placed 
between two pieces o f  plasma sprayed YPSZ, each weighing l ess  than a gram. The 
r e s u l t s  a re  shown i n  f i g u r e  3. l h e  f r e t  i t a n d i n g  samples su f fe red  extens ive 
warpage w h i l e  t h a t  under the  l l g h t  load remained f l a t  and had a r a d i a l  sh r ink -  
age roughly 15 percent.  
the f l a t  sample, however these could l i k e l y  be avoided through m o d i f i c a t i o n  o f  
the f i r i n g  schedule. 

Some shrinkage cracks appear around t h e  per ipnery o f  

The s i n t e r i n g  o f  laminates made up o f  30 d i scs  was c a r r i e d  o u t  i n  both an 
a i r  atmosphere t o  1600 "C (2910 O F )  and under vacuum t o  1800 "C (3270 O F ) .  

The r e s u l t s  were markedly d l f f e r e n t  i n  the  two cases and a re  shcwn I n  f i g u r e  4. 

2Some es t ima t ion  o f  the t ime i s  i nvo l ved  s lnce a power f a l l u r e  occurred 
du r ing  the  h lgh  temperature soak. 
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The sample f i r e d  i n  a i r  showed no v i s u a l  evidence o f  b l o a t i n g ,  cracking, o r  
de laminat ion w h i l e  sample f i r e d  i n  t h e  vacuum furnace showed extens ive b l o a t -  
i n g  and some delaminat ion,  desp i te  I t s  slower hea t ing  r a t e .  The p rec i se  cause 
o f  t h e  d i f f e r e n c e  i n  behavior i s  unknown. B l o a t i n y  occurs when t h e  m a t e r i a l  
becomes imperviou; p r i o r  t o  t h e  complet ion o f  t h e  decomposition o f  b inders and 
p l a s t i c i z e r s  which produces gaseous s$ec!es. 
have c o n t r i b u t e d  t h e  pronounced b l o a t i n g  i n  t h e  vacuum f i r e d  i na te r ia l .  F i r s t ,  
t h e  l a c k  o f  oxygen may have retarded t h e  decompos i t im  o f  t h e  polymers t o  
r e q u i r e  a h igher  temperature and longer  t i m e  which a l l ows  g rea te r  d e n s i f i c a t i o n  
of t h e  ceramic t o  take p lace p r i o r  t o  complet ion o f  t h e  gaseous evo lu t i on .  
Second?y t h e  stoichSometry o f  t h e  r i r c o n i a  was changing du r ing  t h e  s i n t e r i n g  
heat t reatment.  This f l u x  o f  oxygen through t h e  m a t e r i a l  may have enhanced t h e  
r a t e  o f  d e n s i f i c a t i o n  ir. t h e  near sur face reglon. 

There a r e  two f a c t o r s  whlch may 

By con t ras t ,  t n e  a i r  f i r e d  sample appeared very s a t i s f a c t o r y .  No de tec t -  
ab le  de laminat ion occurred. 
however t h i s  appeared t o  c o r r e i a t e  w e l l  w i t h  f l aws  in t roduced by t h e  paper 
l i n e r s  i n  t h e  d i e  d u r i n g  pressing. As i n  t h e  case o f  t h e  s i n g l e  casts  roughly  
1 5  percent  r a d i a l  shrinkage was ubserved. No warpage o f  f r e e  standlng samples 
was observed. 

Some s l i g h t  c rack ing  near t h e  edge was observed, 

Though these experiments a re  p re l im ina ry ,  t h i s  sample i s  a demonstrat ion 
of t h e  f a c t  t h a t  a r e l a t i v e l y  t h i c k  ceramic piece, 5 mn (0.2 I n ) ,  can be made 
f rom a laminate o f  r e l a t i v e l y  t h l n ,  0.2 mn (0.01 i n ) ,  green ceramtc sheets. 
What needs t o  be addressed i n  t h e  f u t u r e  i s  t h e  s i n t e r i n g  behavior o f  a lamin- 
a t e  I n  which t h e  type o f  s t a b i l i z e r  ba r ies  between t h e  l a y e r s  and the  procedure 
f o r  des ign ing in p o r o s i t y .  
s ? n t e r i n g  schedule requ i res  f u r t h e r  work. 

Opt imizat ion o f  t h e  tape c a s t i n g  procedure and 

CONCLUSIONS 

( 1 )  The f a b r i c a t i o n  o f  a ceramic mono l i t h  through t h e  s i r  ! r i ng  o f  a lam- 
i na ted  green body made from t h j n  sheets i s  f e a s i b l e .  Such a metkod a l l ows  
d i s c r e t e  changes i n  chemistry t o  be e f f e c t e d  across t h e  monol i th .  

( 2 )  Tape c a s t i n g  and press ing i s  a v i a b l e  method f o r  t h e  f a b r i c a t i o n  of 
such a laminate.  

( 3 )  The s i n t e r i n g  o f  a ceramic body con ta in ing  a h i g h  f r a c t i o n  of decom- 
posable polymers was accomplished w i t h o u t  b l o a t i n g  when f i r e d  i n  a i r ,  however, 
severe b1oat:ng occurred when s i n t e r i n g  took p lace  I n  a vacuum. 
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TABLE I. - TAPE CASTING PROCEDURE 

Step 1 * Charge m i l l  w i t h  1000 gm z i r c o n i a  w/Ca s t a b i l i z e r  
415 gm to luene 
160 gm e t h y l  a l coho l  
20 gm corn o i l  ( d e f l o c c u l a n t )  

Step 2 * d i l  

Step 3 * Add 

ove m I gh t 

t o  m i l l  180 gm da iso  prepolymer t ype  A 
215 gm p o l y g l y c o l  E-800 
200 gm Butvar 898 

Step 4 * g i l l  ove rn igh t  

Step 5 * Cast onto g lass a t  38-40 C 
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